Embryonic stem cells are characterized by their ability to propagate indefinitely in culture, maintaining a normal karyotype and their undifferentiated state. They have the potential of differentiating into any specialized cell type in the body. An understanding of the transcriptional profile related to pluripotency and early development is necessary to better tap their developmental potential and also maintain their undifferentiated phenotype. Currently, several techniques are in use to ascertain the gene expression profile of embryonic stem cells. This review summarizes the information generated using microarray and other approaches on the gene expression analyses of stem cells in both mouse and human cell lines. We also discuss specific approaches useful in future studies aimed at further deciphering the pluripotent nature of human embryonic stem cells.
INTRODUCTION
Embryonic stem (ES) cells are undifferentiated cells that have piqued scientific curiosity primarily due to their inherent pluripotent nature. The isolation of human ES cells [1, 2] has generated enormous interest due to their ability to differentiate into derivatives of all three embryonic germ layers and form virtually any cell type in the body. Two major areas of study in current ES cell research include analyses and maintenance of pluripotency involving the continued culture of the cells in an undifferentiated state, and development of uniform and directed differentiation strategies for the production of different cell types of specific interest. Although proof of principle of human ES cells developing into many differentiated phenotypes has been demonstrated [3] , successful in vitro differentiation will require a well-characterized starting pluripotent ES population. Transcriptional analyses of the pluripotent state of human ES cells will help uncover or further define signaling pathways and molecular mechanisms involved in the maintenance of the undifferentiated state and initial loss of pluripotency. A detailed understanding of these molecular mechanisms will thus be essential for developing human ES cells as in vitro model systems for studying embryonic development and for harnessing the differentiation potential that makes them highly attractive for cell-based therapies. The following review summarizes the methodologies used and the information gathered on the transcriptional analyses of mouse and human ES cells and discusses possible mechanisms and expression profiles that characterize the pluripotency state in these cell types.
TECHNIQUES UTILIZED TO CHARACTERIZE GENE EXPRESSION PROFILE OF STEM CELLS
Numerous techniques have been used for characterizing the gene expression profile of stem cells and this has been achieved typically in comparison with differentiated counterparts or with somatic or nonpluripotent cell types. These techniques include serial analysis of gene expression [4, 5] , subtractive hybridization [6, 7] , representational difference analysis [8, 9] , cDNA microarray [10] , and oligonucleotide microarray [11] technologies. These methodologies have been used to decipher genes that are specifically expressed in either ES cells, neural stem cells (NSCs), and/or hematopoietic stem cells (HSC). Although each technique has its own unique advantage, cDNA and oligonucleotide microarray technologies have gained precedence as they provide opportunities for comparison of global gene expression patterns between different populations. Specifically, they are proving to be a vital tool in the elucidation of the molecular mechanisms involved in the maintenance of pluripotency and initial differentiation events of human ES cells. Examples of commonly used cDNA arrays are GEArrays (SuperArray Bioscience Corporation, Frederick, MD) and the Atlas Array (BD Biosciences Clontech, Palo Alto, CA). These cDNA arrays are manufactured using cutting-edge, noncontact printing technology, with cDNAs deposited onto nylon membranes. An alternative approach involves custom-made microarray analysis using robotic systems to spot cDNAs or PCR-amplified fragments onto glass slides [12, 13] and offer the major advantage of using small reaction volumes in the hybridization procedures. A robust comparison of differential expression profiles is made possible through the use of dual-fluorescent dyes and differ- entially labeled probes from separate cell populations. The oligonucleotide GeneChip array system (Affymetrix, Santa Clara, CA) has gained popularity and is now widely used in multiple fields of biomedical research for a stringent quantitative analysis of gene expression. This system is a variation of custom-made microarrays on glass slides and utilizes photolithography and solid-phase chemistry to produce arrays with densely packed oligonucleotide probes [11, 14] . Figure 1 summarizes the different techniques and approaches for characterizing specific populations of stem cells.
TRANSCRIPTIONAL PROFILING OF MOUSE EMBRYONIC STEM (mES) CELLS USING MICROARRAYS

Elucidation of mES Cell-Specific Genes Using cDNA Microarrays
Subsequent to the isolation of mES cells [42] , a handful of genes expressed in mES cells, including Pou5f1 (Oct-4) [43, 44] , Nanog [45, 46] , Sox2 [47] , and leukemia inhibitory factor (LIF) [48] , have been identified as critical to the maintenance of pluripotency. An initial study by Kelly and Rizzino [31] was very specific in its microarray analysis of only mES cells with the monitoring of the expression of 588 known regulatory genes using Clontech Atlas Mouse cDNA expression arrays. Of the 588 genes, 292 were expressed in D3 mES and/or D3-differentiated cells with a comparative analysis indicating a downregulation of 18 genes (ES cell-enriched) by a factor of 2.5-fold or greater. Of specific interest among the mES cell-enriched genes were a number of transcription factors (e.g., Oct-3, PEA-3), growth factors (FGF-4), and cell-cycle regulators (CCND1 and E) [31] . In a subsequent study, Tanaka and coworkers [49] used the NIA mouse 15K cDNA microarray to profile mES cells, extraembryonic-restricted trophoblast stem (TS) cells, and terminally differentiated mouse embryonic fibroblast (MEF) cells to identify expressed genes specific to each population [35] . Pairwise comparisons and further clustering revealed 124 ES-specific genes, 94 TSspecific genes, and 51 genes specific to both ES and TS cells (http://www.genome.org/cgi/content/full/12/12/1921/ DC1). Key ES-cell-specific genes included transcription factors (Oct3/4, Rex1, Zfp57, Dnmt3A), cell cycle regulators (Cdc10, cyclin B1), matrix proteins (Scamp1), DNA replication (Top2A), signaling (Fgf13) and several uncharacterized genes that included embryonal stem cell-specific gene 1 (Esg-1). Specific evidence suggests that Esg-1 exhibits gene expression patterns similar to that of Oct3/4 with its expression restricted to pluripotent cell types [50] . Taken together, these two studies demonstrate the utility of cDNA microarrays in deciphering differential expression of specific regulatory genes in mES cells.
Elucidation of mES Cell and Stemness Genes Using Oligonucleotide Arrays
The unique ability of stem cells to self-renew along with their pluripotent nature implies that all stem cells share a common genetic signature [23, 24] . Thus, the identification of common expressed genes should provide key insights into deciphering the mechanisms involved in the maintenance of the pluripotent state. Several studies have used Affymetrix oligonucleotide array technology applied to NSC, hematopoietic stem cells (HSC) in addition to mES cells to elucidate the list of genes that represented a stem cell molecular signature. Ivanova and coworkers [24] specifically focused on the gene expression profiles of fetal and adult HSCs and found that key HSC markers, such as c-Kit, Tie1, Gata2 and Tek were expressed in many different populations of the hematopoietic hierarchy. It is important to note that 54% of the HSC-enriched genes observed were also previously identified by Phillips and coworkers [40] , through a subtractive hybridization approach for HSCspecific gene products. To further characterize the common gene expression profile for diverse types of stem cells, comparison of the HSC-enriched genes were conducted with mES cells and NSCs; 283 genes were commonly expressed among all three populations with the key functional categories of transcriptional regulation, signal transduction, cell cycle regulation, RNA binding, and chromatin regulation. Examples of key genes identified as mES cell-specific include Pou5f1, Gbx2, Fgf4, cyclin D1, and cyclin E1 (http: //www.sciencemag.org/cgi/content/full/1073823/DC1). In an independent but similar study, Ramalho-Santos and coworkers [23] , identified 216 genes found to be common among all three stem cell populations with the key functional categories of signaling, transcriptional regulation, cell-cycle regulation, DNA repair, and translational regulation. Examples of key genes that were identified as ES cell-specific include Pou5f1, Rex1, Tdgf1/Cripto, Lefty1, and Fgf4 (http://www.sciencemag.org/cgi/content/full/ 1072530/DC1). Specific observations from these studies included an enrichment of genes involved in the JAK/STAT and TGF␤ pathways with both pathways shown to be important for self-renewal and early development in both mES cells [51] , and HSCs [52] . These pathways often interact, indicating that a complex integration of genetic signals involved in different pathways could contribute to the nature of stemness. A brief review comparing these two studies provided further insight into the molecular mechanisms involved in stem cells and produced lists of genes relevant to stem cell biology [53] . Briefly, a comparison of the list of stemness genes identified by both the research groups revealed only 15 common genes. This lack of similarity has been attributed to significant differences in methodology, stem cell populations, and stringency in data analyses.
Another study compared three types of stem cells (ES cells, NSCs, and retinal progenitor cells) [25] and obtained a list of 385 genes common among all three cell types (http: //giscompute.gis.a-star.edu.sg/suppdata stemness). Additionally, a comparison of enriched genes obtained in this study with the two earlier studies [23, 24] revealed 332 ES cell-enriched genes and 236 NSC-enriched genes, while only 10 genes were commonly expressed in the two stem cell populations. Subsequently, a comparative study of the two earlier HSC datasets [23, 24] using identical computational techniques revealed a far greater overlap of 605 genes [54] . The similarities and differences among different stem cell populations can be interpreted in two ways: 1) there is still a significant random variation in stemness gene expression studies and/or 2) there is a core set of stem cell genes along with functionally important genes specific for each stem cell population.
Rather than seeking a common transcriptional profile between different stem cell populations, D'Amour and Gage [26] focused on elucidating differences between ES cells and multipotent NSCs. Using a transgenic approach, they purified multipotent NSCs and pluripotent ES cell populations based on Sox2-EGFP expression and generated direct genetic comparisons between the two stem cell populations. Sox2 was used, as it is strongly associated with the pluripotent phenotype and is known to act cooperatively at several promoters with Oct4 [55, 56] . Additionally, Sox2 expression is characteristic of a neural tissue [57] and is a regulatory element expressed in both ES cells and neural progenitor populations [58] . A total of 112 genes was determined to be present uniquely in ES cells and differentially expressed at the 1.4-fold change level in a comparison between ES cells and NSC populations. Key genes were classified under the categories of transcriptional regulation (Pou5f1, Rex1, Gbx2, Stat6, Nanog), RNA binding (Esg1), and growth factors (Fgf4, Tdgf1, LeftyA). This study used a homogenous and uniform starting Sox2-defined NSC and ES cell population, revealing striking dissimilarities in the gene expression profiles of the two populations and also helped define key genes solely expressed in ES cells.
MICROARRAY ANALYSES OF HUMAN EMBRYONIC STEM CELLS
Ever since the isolation of human ES (hES) cells [1, 2] and a subsequent federal restriction on isolation of new cell lines (http://stemcells.nih.gov/stemcell), numerous research groups have adopted microarray approaches to characterize some of the NIH-approved cell lines. In this review, the nomenclature for the hES cells mentioned are those defined by the provider included in the NIH human embryonic stem cell registry (http://stemcells.nih.gov/registry/index.asp). Most of these studies have focused on elucidating the transcriptional profile of hES cells and for understanding initial differentiation events. Further transcriptional analyses and comparative profiling are essential to identify the key molecular components and mechanisms that are critical to the maintenance of the undifferentiated state and pluripotency.
Elucidation of hES Cell-Specific Genes
Utilizing the Affymetrix oligonucleotide array technology, Sato and coworkers [28] identified potential genes that could define molecular mechanisms related to pluripotency. In these studies, based on comparison of undifferentiated H1-ES cells with their differentiated counterparts, they obtained a set of 918 genes enriched in H1-ES cells. Key observations from these studies highlighted a role for components of the FGF, TGF␤/BMP, and Wnt pathways in the maintenance of pluripotency. The most highly enriched genes included those known to be expressed in early embryogenesis, such as Oct-3/4, LeftyA, LeftyB, and TDGF1. Approximately 28% of the H1-ES-enriched genes corresponded to expressed sequence tags, indicating that a detailed analysis of these genes could reveal new factors that could contribute to the pluripotent state. A comparison of the 918 H1-ES-enriched genes with published mES datasets [23] indicated an overlap of 227 genes with the key genes, including Pou5f1, LeftyB, and TDGF1. Detailed statistical analyses revealed that the probability of the observed overlap between the human and mouse datasets were far below the estimated probability for coincidental overlapping. This indicated that the observed overlapping genes between the human and mouse datasets were significant to the pluripotent state in both species. Several genes that are members of the TGF␤/BMP signaling pathway were among the overlapping genes. These studies were conducted using only the H1 line, and the authors note the possibility that different human ES lines could have different transcriptional profiles.
To elucidate similarities and differences between transcriptional profiles of different cell lines, we conducted a direct stringent comparison between datasets obtained from two hES (H1 and BG01 [59] ) cell lines (unpublished data). Toward further characterizing the pluripotent state, we used a HepG2 cell conditioned medium (MEDII) to generate another pluripotent population using BG01 cells [29] . MEDII [60, 61] , has been known to induce early differentiation in mES cells, while retaining key pluripotent marker expression. The datasets from the three populations (H1-ES, BG01-ES, and BG01-MEDII) have been generated using the Affymetrix microarray technology. As expected, there was a large list of genes (8400) common among the three pluripotent populations (Fig. 2) . To identify genes enriched in the pluripotent populations, we compared the three datasets against a dataset obtained from a H1-differentiated population (unpublished data). Our findings indicated that, based on stringent criteria for selection of enriched genes, a total of 133 genes overlapped between the three pluripotent populations with the key genes, including Pou5f1, LeftyA, Sox2, and Fgf2. Although many genes were unique to each pluripotent population, they all shared similarities based on key functional ontologies that can define pluripotency including signaling pathways, cell cycle regulation, and transcriptional regulation. A recent study by Abeyta and coworkers [27] comparing gene expression profiles of HSF-1, HSF-6, and H9 lines also found that the three populations overlapped by 7385 Affymetrix gene probes. Key genes expressed at significant levels in all three cell lines included Pou5f1, Sox2, Rex1, TDGF1, and LeftyA. Their studies also showed that, in spite of each stem cell line possessing a unique stem cell signature, they were all capable of contributing to multiple cell fates. Shades of pluripotency could thus exist between different stem cell lines, which could lead to either preferential or enhanced differentiation toward particular cell fates.
Using high-quality oligonucleotide glass arrays, Bhattacharya and coworkers [30] have examined gene expression in six (GE01, GE07, GE09, BG01, BG02, TE06) hES cell lines. Results revealed that all six cell lines expressed multiple markers of the undifferentiated state and shared significant homology in gene expression (http:// www.grc.nia.nih.gov/branches/lns/scbudata.htm). Key among the 92 genes expressed in all six lines were Nanog, GTCM-1, connexin 43, Pou5f1, and TDGF1. However, when these results were compared with earlier published mES results [23, 24] , only between 12 and 33 of the 92 hES genes were overexpressed in mES cells. The authors have attributed the limited overlaps to species differences and to potential variability in culture conditions between the different stem cell populations.
An alternate approach toward deciphering molecular mechanisms underlying pluripotency has used a comparative analysis of the expression profiles of hES cell lines and human germ cell tumor (embryonal carcinoma-EC) lines. Using cDNA microarrays and hierarchical cluster analysis, Sperger and coworkers [33] have shown that five independent hES cell lines (H1.1, H7, H9, H13, and H14) clustered tightly together, thereby indicating major similarities. A total of 895 genes were expressed at significant levels in both hES and EC lines. Among the 25 most significant genes observed in hES cells were Pou5f1, DNMT3B, CRABP1, SALL2, and GABRB3. These studies also indicated that genes differentially expressed between hES and EC cells could constitute a list of genes that reflect an adaptation to tumor growth by suppression of differentiation. Through this adaptation, long-term survival and self-renewal mechanisms could be activated.
Elucidation of Genes Related to Initial Differentiation Events
Microarray analyses of hES cells have primarily focused on addressing issues related to the transcriptional profiles of different stem cell lines. Most of the experimental strategies adopted have involved a comparison of undifferentiated stem cells against their differentiated counterparts. A comparison of two closely related pluripotent populations could yield specific information on key genes involved in the maintenance or exit from the pluripotent state and also aid in the development of directed differentiation strategies. We have used HepG2 conditioned medium (MEDII) [60, 61] , known to induce early differentiation in mES cells, while retaining pluripotent markers, to understand early differentiation events in hES cells [29] . Microarray data using the Affymetrix system showed that MEDII treatment of BG01 hES cells retained key pluripotent marker expression (Pou5f1, Nanog, SSEA4), while causing regulation of genes in the TGF␤/nodal pathway. Results indicated that TDGF1 (upregulated with MEDII treatment) and LeftyA, Follistatin (downregulated with MEDII treatment) were among the genes that were significantly differentially expressed between the two pluripotent populations. MEDII treatment of hES cells appeared to capture an event that has a gene-expression profile similar to primitive-streak stage of a developing mouse embryo.
Another early developmental event that was characterized by microarray analysis involved hES differentiation to trophoblast using BMP4 as an inducing agent [34] . Using cDNA microarrays, Xu and coworkers [34] analyzed genes differentially expressed between BMP4-treated and undifferentiated H1 hES cells. BMP4 influenced significant upregulation of key genes related to development of trophoblast and included AP-2, MSX2, GATA2, GATA3, and CG␤ and a significant downregulation of genes highly expressed in pluripotent cells such as Oct-4 and TERT. Of particular importance is that germ-layer (ectoderm, endoderm, and mesoderm) -specific genes were not significantly elevated in the BMP4-treated cells. These initial studies have provided opportunities for identification of potential signals that could influence initial differentiation events and mechanisms involved in the exit from the pluripotent state.
CONCLUSIONS AND FUTURE DIRECTIONS
Gene expression profiling using microarray technologies provides an important basis for revealing the molecular mechanisms involved in pluripotency and initial differentiation events that involve embryonic stem cell populations. We have summarized the research efforts that have used microarray technologies to query gene expression in stem cells, with a focus on ES cells. These studies have helped identify similarities and differences between cell lines and aided in deciphering genes that could contribute to the maintenance of the pluripotent state. Figure 3 provides a list of representative genes that contribute to the pluripotent state, compiled from the many studies summarized. The major functional categories that define pluripotency relate to transcriptional regulation, signaling, and cell cycle regulation. Specifically, genes involved in FGF, TGF␤, and Wnt signaling pathways have been implicated in early development and cell-fate decisions [62] . Recently, it has been shown that TGF␤ along with LIF and FGF2 support the propagation of undifferentiated hES cells in a feederfree culture system [63] . Further, involvement of specific components of the Wnt signaling pathway has also been shown to maintain the undifferentiated state in both mES and hES cells [64] . These studies have provided an example for the contribution of key signaling molecules for the maintenance of the undifferentiated state of hES cells. Continued characterization and functional testing of the genes obtained from microarray studies will further our understanding of the pluripotent state.
It is important to note that utilization of microarray technologies allows potential opportunities for comparison of datasets from different groups and this facilitates comparison of different stem cell lines. However, this can be achieved only through a direct comparison of stem cell populations that share biological similarities, using uniform and stringent statistical approaches. Current bioinformatics approaches involve data integration, using ontology, to query multiple data sources, to generate relevant biological information. From a scientist's perspective, challenges remain in formally defining and representing meaningful relationships (called semantic associations) and assessing the quality of results obtained. With the potential for experimental variations between different groups and generation of disparate data from different experiments, there is usefulness for semantic-based approaches [65] to analyzing gene expression data. Briefly, semantics involves a formal description of resources so that data obtained from different experimental methodologies can be easily understood and contribute toward a unique solution. These approaches will involve a combination of data generated from different experiments and knowledge stored in ontologies, to generate specific information. There is thus a potential for explaining important biological phenomena only if they are explained in the context of the vast amounts of data from different methodologies that is being made available. Specifically, from a stem cell standpoint, there is a major scope for semantic data analysis in establishing correlations between patterns of gene expression within different pluripotent populations from one cell line or between different cell lines. In conjunction with data generated from microarray and other experimental methodologies, semantic approaches can thus aid in unraveling the mystique of the undifferentiated pluripotent state and for the development of differentiation strategies to produce cell types of interest.
